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ABSTRACT 


The purpose of this thesis was to design the 
electronic circuitry necessary to operate a thyristor 
MenwOrk aseal d.c. €O a.c. frequency changer, or cyclo- 
Gouvercver. | A low-power model of an SCR cycloconverter 
GieuNeMcOurLsuration proposed for supplying variable- 
frequency, three-phase, a.c. power to a synchronous ship- 
propulsion motor with a superconducting field winding was 
leomencd. se tieamodel was constructed for single phase to 
single phase operation, and demonstrated speed and torque 
PouemolMvOl a,c. syncibonous motors. Additionally, a 
direct-coupled low frequency reference signal generator 
was designed and constructed which generates a three-phase 
sinusoidal signal of constant amplitude that is spatially 
dependent on the rotor position. This ensures constant 
SyuenGOuLsm or the Lotor with the stator field, and allows 
the motor to start synchronously. 
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INTRODUCTION 


The design of a specific propulsion system has in 
the past been predicated upon optimum use of available system 
components to a large degree. The limitations of this 
approach are obvious. In any naval propulsion system, present 
equipment soon reaches optimum levels of utilization, and in 
order to significantly improve the performance of a vessel, 

a new, perhaps radical, approach must be employed. The new 
design concepts must be, however, of such a significant 
improvement over existing systems that the expense and 


development of the new system can be economically warranted. 


A design engineer is ordinarily given a require- 
ment that a new design must fulfill. In propulsion systems, 
EHembequiremetits are in terms of speed and power. It is the 
task, then, of the engineer to meet these requirements while 
Optimizing other standards. In the past, the engineer has 
attempted to minimize weight and volume of propulsion 
systems, while maximizing fuel economy and reliability. 


Even these four criteria often demand trade-offs in order to 





optimize the entire system. Unfortunately, at the same 
MEE Othe: aspects, such as system response, flexibility 
to meet other requirements and stability have simply been 
ignored until after the improved system has been designed. 
These aspects are then determined, and consequently remain 


System limitations, as a consequence of the system design. 


Historically, naval propulsion systems have 
consisted of boiler-turbine-reduction gear drive systems. 
When an increased speed or power requirement is determined 
for a new design of vessels, improvements are made in this 
basic drive system. Improvements have been significant -- 
the development of 1200 pound steam systems, nuclear reactors 
Pommeovide the thermalvenerey in the boilers, and high speed 
Eurbines -- which have led to drive systems of high per- 
formance and good economy. Electric drive systems have, 
in general, been developed for small vessels only, such as 
diesel-electric submarines and small auxiliary vessels. 


Goecse drive Systems for the most part employ large d.c. motors. 


Conventional d.c. machines are limited in size 


because of the difficulties in extracting large amounts of 





power from the rotating armature. Investigations into new 
d.c. machine designs, such as the homopolar machines, have 
been conducted, but homopolar machines, being low-voltage, 
high-current machines, tend to be quite lossy at the 


current extraction points under heavy loads. 


A.c. machines in the past have been considered 
too large and heavy for their power requirement to be used 
in naval propulsion aWeieaie However , Seiten progress 
has been made in the development of new a.c. synchronous 
machines with superconducting field windings, which have 
the advantage of significantly reducing the weight and 
volume for equivalent power output, while at the same time 
ifjeredcine bhe system response over conventional propulsion 
eee: A.c. machines have an immediate advantage over 
similar d.c. machines in large power Ep nteaeiona: since 
iemOmw~escunrene wuich mist be applied to the rotating 

| 
ites excitation current, which is normally only a small 
PeackioOn Of the armature current. Thus, the high current 


Corleceyon problems are avoided, since most of the current 


is applied directly to a stationary armature. 
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If a.c. synchronous machines are selected as the 
basis of a new propulsion system, radical changes must be 
made in the area of power controllers. In conventional 
Peilea-curbine Systems, control is maintained by direction 
ndeilow fate Chrouegh steam turbines. Even in d.c. machine 
propulsion systems, system control can be maintained by 
Somerol On Lielda Current or armature voltage to yield 
constant horsepower or constant torque as desired. The 
control of an a.c. machine is not so STM ees e/eyar BIia- 
synchronous machine must be rotating at a synchronous 
Peecumdceecrmined Dy the frequency of the line power 
HipGiredstOnlt 1m order to deliver torque. If the 
Syectwenous machine 15 to be directly attached to the 
propulsion shaft, shaft speed can only be controlled by 
Pilemeonenmel Of Ene lie Bearers of Sie Bec oe being 
delivered to the armature.of the machine. The amount of 
torque at any given speed then can be controlled by con- 
trolling the magnitude and phase of the armature current. 
inws the power controller must be able to control one or 


both of these current functions. 


it: 





iimordoeeeo peovlde smooth Continuous torque to 
the propulsion shaft, the motor must be polyphase; 
standard synchronous motors tend to be normally two or 
eieee piace, Thus the power controller must be able not 
SE yete supply a Variable frequency current to the motor, 
but must also provide three or six phase current whose 
phase relationship is constant over the entire frequency 
Ponte wOE tne pewer Supplied. ~in order to reverse the 
Moro wstile power comtroller must be able to reverse this 
phase relationship, and must allow for reverse flow 


Sinoucin 1 to provide for regenerative braking. 


The solid state frequency converter which is 
Pex iplescneugn to meet alll of these requirements is a 
Soroconverter. © ecycloconverter is a form of a.c. to a.c. 
imc Menevmcanancce, employing controllable rectifiers. Ue 
irPremas Trom OlLUer Solid state a.c. to a.c. frequency 
changers, such as rectifier-inverter combinations, in that 
there is no d.c. link, where no reactive power may be trans-~- 
Mieeed. in okher Conventional solid state frequency 
Heaters, teactive power must be added to the load circuit 
through either tuned storage elements (capacitors or 


inductors) or through a large synchronous condenser unless 


12 
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the synchronous motor is always run at unity power factor. 
The high power levels required by a propulsion motor 
Slminate the possible use of capacitors, and in order to 
Selves che Macnine at unity power factor, the excitation 


eulrrent must be controlled. 


"Gycloconversion" is the term generally applied 
Zoic eamed.c. 1pue Of one fixed frequency, and 


’ the waveform so as to assimilate 


electronically "chopping' 
a lower frequency a.c. waveform (as opposed to "cycloin- 
version", which changes the fixed frequency to a higher 
output frequency). The term "cycloconverter" was 
originated by the Germans in the 1930's to specify devices 
iMovie mene y dare Lectifiers, used Co convert three 
phase, 50 hertz source power to a single phase, 16 2/3 


febez, Supply for a,c. Eraction, used by the German State 
158) ; Mes 
Railways. The advent of semiconductor silicon con- 
| 

trolled rectifiers has added new impetus to the development 
Of cycloconverters, because of their significant advantages. 
The new silicon controlled rectifiers differ from the 
Seecimin Leuky sore EFectin1ers In that the former are fired 


Dmippllcdelroneor Gace ECUrrent, while the latter are con- 


trolled by grid voltage. These semiconductor devices have 


LS 





Sieiericankt advantages over the mercury arc rectifiers in size, 


mower “ange, and most importantly, price. 


Debacle meVcrocouvCr bere eiECULL CONSIStS O£ a pair 
PrcOnVveticlLOnalwa.c. to d.c. rectifier circuits connected 
in parallel, as shown in figure 1. The groups are designated 
Pempostbive and negaLive, as determined by the direction of 
Cprenwteconduction. Karly concepts in cycloconverters 
proposed merely firing the positive and then the negative 
groups sequentially at the desired BeeiseGns” This method 
of cycloconversion, designated envelope cycloconversion, was 
Mchiecimply a controlled rectifier in which the rectified 
current was alternating between positive and negative d.c. 
Vo McComwe eC Ommuitation between current carrying rectifiers 
Was natural, and no grid control was needed to vary the angle 
OL firing. The major drawbacks were that the envelope 
cycloconverter could only supply noninductive loads, and that 
no energy regeneration backwards through the cycloconverter 


was possible. 


Racole MENON Guwase me spOnsibile for the development 


of the “grid-controlled cycloconverter," so named because 
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t aunbig 


asBUd € 


BHewinercury are rectifiers were controlled by adjusting 
the grid voltage. The low frequency signal in this case 
is generated by controlling the firing ani of the con- 
trolled rectifiers. By sinusoidally varying the firing 
angle of the conducting rectifier, the output waveform 
is approximately sinusoidal (see Section 1.4). The 
harmonic content of the output waveform is greater than 
that of the envelope cycloconverter (figure 2), but it 
has the advantage of power regeneration and flexibility 
to be connected to loads requiring any power factor. In 
order to reduce the harmonic distortion, a full wave 
ecycloconverter, which uses both positive and negative 
eyctes, ac 1 a full wave rectifier, is desirable. 

The cycloconverter can supply power over a 
continuous frequency range from zero hertz (d.c.) to 
approximately one third the frequency of the input voltage. 
Whereas reactors were used in the early models of cyclo- 
eouvmertels co limit the circulating currents caused by 
PLeviaine f1rane pulses to banks of rectifiers, positive 
control of the firing signal is used to blank possible 


ivue@=cited1t shores. Ihe cycloconverter, using this 
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Capo. Wp 


AOYIDAUODOISAD AdOJaAUZ }$O wWsdjardmM 


mee CVCetees. 
FEbEUEEUTEUS 


technique, becomes an efficient, practical method of 
frequency conversion with direct application for speed 


Pomerol! of @.c. machines. 
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Chapter [I 


Design Approach 


ine analysis of the cycloconverter operation can 
best be understood if subdivided into its fundamental conm- 
Potehto mele edLe two Dasice sections to the cycloconverter, 
ine first section is the conduction section, consisting of 
the basic arrangement of thyristors shown in figure 1. The 
theory of operation of thyristors can be shown from first 
a basic look at diode rectifier waveforms, followed by 
amakysas Of the results o£ controlling the firing angle. 
The second section to be examined is the firing control 
circuitry, most often given in the literature as a “black 
box, solmis is the heart of the cycloconverter operation. 
A subsidiary section, but nevertheless important for the 
application to propulsion systems, is the eeneration of 
Biemthiree phase variable frequency ie ference asia, 


Primo les Paase Rectifier [heory 


Consider the basic diode rectifier, resistive 


load circuit of figure 3. To determine the average value 


ey, 





Soe Sie 





Half Wave Rectifier 


Pirie o 


Es Sie Oy 
dae 


Full Wave Rectifier 


Figure 4 
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of voltage across the load, the voltage is integrated 
Mverwlals Of a cycle, and divided by Che period of the 
wave form. 


E = 


oe E, = 0.318 ED (Geet) 
Tt 


Ea refers to the peak instantaneous value of voltage, 
rather than RMS voltage. The derivations are shown in 
Popenaia 7 HOr a strictly resistive load, the average 
TttemoleticmlogaeCcurrente 1S Ehe average d.c. value of 
voltage divided by the load resistance. 


i, = = Ossnig tae Glee) 


In order to determine the heating value of the load 
current, the RMS current can be determined. 


Ing = 2 yy Gp 3) 


2R 
Figure 4 shows the single phase diode rectifier, 
resistive load circuit operating as a full wave rectifier. 
Obviously, the average value of voltage and RMS current 


will increase. The d.c. value of voltage will double. 


E = Wy Clee) 


Za 





Utewhio willewor Current does not double, but only 
increases by the square root of 2. 


a V2 E_ Glens) 
aR 


The eLrectiveness of power can be measured by the ratio 
of the average power (power used in the generation of 
torque) to the RMS value of power (which is the source 
of heating). Therefore, in addition to delivering a 
Seetietmewaverormi, the full wave rectifier 1S more 


effective in delivering power to a load. 


Controlled output may be achieved by con- 
necting SCR's, which are also called thyristors, into the 
circuits discussed above in place of the conventional 
diodes. SCR's are semiconductor devices, which block 
current in both directions, unless a firing pulse is 
Mplletwto the gate of the device, in which case it will 
pass forward current, as lone AE Pom clGEe nen level excecds 
a minimum holding current, with only a voltage drop of 


approximately one volt across the junction. 


The analysis of the half wave circuit with 


Ebvedotens dirrers from the diode rectifier circuit only 


AE 





Mm@enecsadertEronwor Che firing angle GQ as a variable. 
Current will be in the load now only between wt= and 
wt=x (figure 5). The expression for the average value 
of voltage across the load is 


E = E (1+ cos Q) (1.1.6) 


This will equate to equation (1.1.1) when Q@ = 0. Similarly, 


a = —E GC = oe = sin ng We 


RMS _ 5 Gla?) 
2 


Pipes when Gd — O, reduces to equation (1.1.3). The 


variations of these equations are plotted in figure 6. 


Pomtivitotonouasceuscdsim the case of full wave 


SurcurLouii place @f the diodes, similar analysis shows 


that 
E = —E (1 + cos Q) Clal.o) 
Glia Cis _m 
qt 
and 
a i : ef 
Tos = E (xn - a@ + 5 sin 2d) (12.9) 





JY2n R 
Eieeemcduatxons ace not developed in Appendix A, for they 


follow directly from previous development. 
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Current in Half Wave Rectifier 


Figure 5 
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Current with Thyristor Firing Angle 


for a Resistive Load 


Figure 6 
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Unfortunately, most realistic loads are 
inductive as well as resistive, which complicates the 
expressions for the load voltage. Assume that in the 
Mince Or ricure /,0tne load current 1s continuous; 
that is, the firing angle of the thyristor is small 
EHousimelac dm average d.c. Current must be delivered 
to the load. In this case, each SCR will continue 
POVCUchINemelb Gene UNE Ene firing of the opposite 
SCR causes natural commutation. From dd to x, the SCR 
will deliver positive power to the load, and between x 
Unio, tee wiliedeliver negative power to the load. 
The average d.c. voltage across the inductive load can 
ton bevcaleulated to be 


E = 2E Cosec Gil Oy 


This means that the average d.c. voltage 
Celaverned to the Load 1S positive for firing angles of 
less than 90 degrees, but negative for firing angles of 
pacatemutnan JO) desrees., his shows the ability of 
Pin cictobrciteti1tis to £Leed back energy to the supply in 
Ene case Of inductive loads. A diode bridge circuit, 


cicerctenkized bys — 0, Cannot perform this. 
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Full Wave Thyristor Recfifier 


LO UnpCun/ 
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1.2 Three Phase Rectifier Theory 


PipoLtemeto Improve the OuEput payee ah of any 
fPeceti tier metwork, polyphase operation is Beer bile: In 
current power technology, three phase power sources are 
most common, because of their maximum economy in trans- 
[Miele powell we lilerehores most power generation devel - 


opments have been in the area of three phase systems. 


HiGeempilcccmmeCulhilet Crreults can be divided 
into two basic types -- half wave bridges and full wave 
peace,” Full wave bridges are often sub-classified 
into complete and incomplete bridges; an incomplete 
bridge is a hybrid bErdeerconsistime of half thyristors 
and half diodes. A half wave bridge is obviously less 
Speticive §OLlc requires only half the diodes or 
Ehvrrstors required by a full wave bik sey eadna.,, 1m the 
case of a thyristor bridge, only half the number of 
timing circuits required by a full wave bridge. It 
does, however, have the disadvantage of having a more 
Te scONuEMuUoUS Wwaverorm, and of requiring a neutral or 


return path to the supply, necessitating a wye connected 


transformer. 
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A typical half wave three phase diode bridge 
network is shown in figure 8a. Assume that the load is 
resistive and returns to a common neutral, such as the 
star connection of a transformer. Each rectifier con- 
ducts only for one third of a cycle -- from x/6 to 
57/6 in its own reference frame. Through natural 
commutation, each diode conducts while its line 
voltage is greater than the other two. As can be seen 
in eee Sb,, the output wave form has an average 
value with an a.c. ripple on top having fundamental 
SOipoOlciemonreEroguconey equaleto triple the line 


frequency. 


The average value of the d.c. voltage across 
tie wload is equal fo 


E = 3/3 E = 0.827 E (lees 
eer Me m m 





ligehemdiedes are replaced by thyristors, the 
firing angle of Preraeiee can only be controlled between 
n/6 and x (with a resistive load). If the firing pulse is 
terminated before ee commenced after this range, then the 


thyristor will block the entire time. The angle a is 
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Half Wave Bridge 
Figure $a 


Moga sy olla ge 


Figure $b 
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measured from the value of wt which produces the 


maximum value of load voltage, EA pane In the case of 


three phase half wave operation, Ea : GC Cuiss sats 
ee ut-b: 


wt = x/6, at which point @=0. Foraq=0toad= n/6, 
Grene 194 Continuous currentE in the load resistor. 


ee = 3 V3 E, 
21 


ee is2 2) 


For @ greater than x/6 and less than 5n/6, 
the conduction is discontinuous for resistive loads. 
hier vet decu i uemoOtd ,e.svOolbage is then given by 


Eder aye .n [ 1 +cos (AQ + n/6) ] 


Za 


C123) 


In the most general case, for any polyphase half wave 
bridge circuit, the average load voltage can be 


expressed as 


E ny 1 CleZy) 


d.c. = m sin 7 Cos OC 
x | 


Visi icmEne number of phases im the circuit. This 
Sditeroneilseappilicadble fer the case o£ continuous con- 
duction of current only. As the number of phases 
increases, the "critical" angle, past which there is 


tiIseonelmwous Conduction, decreases. In general, the 


Sul 





eribneal aniele On is given as 


QO, Sag Ee! (a= 1) (Glee p) 
2n 


where n is the number of phases. 


iiemeteceupiasce hull wave bridge is a more 
eOnp lex Cireulte to analyze in terms of individual 
HiyreScerwoperation, Figure 9 is a representation of 
a typical circuit and its accompanying waveform, tor 
the case of cnede TeCci@ivameecrkements, tor a resistive 
load, the load voltage corresponds to the maximum x/3 
portions of the three phase input voltages. Each 
hiodeswit te conduce for a total of one third of a cycle, 
Mihai sOreLNtouGcIme IGeig acting as the return path 
for the current Co the Source liererore, the OUtDUL 
waveform has an average d.c. value with an a.c. ripple 
superimposed on top Rane a fundamental component of 


frequency equal to six times the line frequency. 
The full wave bridge circuit yields the 


maximum d.c. value of any three phase rectifier 


eireuit., The average value of the d.c. voltage across 


o2 





Three Phase Full Wave Bridge Rectifier 


Figure Sa 


Re 


Full Wave Rectifier Waveform 
Figure Qb 





the load is equal to 


Fac. = > "m = 0,955 E eo) 


wt 
iieeiis case, E iommempnediinline-to-line voltage. If 
Enis value is compared Co the half wave bridge, it 
should be converted in terms of line-to-neutzal 
voltages. In this case 


E, es E_ Gin2.7) 


oC 
ae l-n 


It was indicated earlier in the chapter that 
the diodes could be replaced in two basic ways in the 
fhulbbewave biridee metwork (in actual cirecuitwy, there may 
DemLivesen more Variations, but only two are stan- 
fer dived’). In the incomplete full wave thyristor 
bridge, the diodes used in half of the network are 
“eplaced by thyristors (figure 10a). The complete 


full wave bridge consists of six thyristors (figure 10b). 


VIP MGlivichstoLsiMeplace of diodes, the 
firing angle again is measured from the value of wt 
producing maximum load voltage, which in this case 


is wt = n/3. Therefore, for resistive loads, the firing 
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Hybrid Bridge Circuit 


Figure |lOa 


ON) 
ae 
ay 
FeO 
Complete Bridge C ircuit 


Figure 1Ob 


Se) 





angle must be controlled between @ = 0 and @ = 2x/3 

for the full wave bridge circuit (it can be controlled 
between @ = 0 and @ = x for the hybrid bridge circuit). 
For @ greater than O and less than x/3, there is con- 
Einuous conduction, and 


aes => ne cos a (1.2.8) 





Pevweicmtiringeaneilec @ ocelrs in the region 
between @ = t/3 and @ = 2n/3, the first conducting 
thyristor turns off before the next conducting 
thyristor turns on, causing discontinuous conduction. 
The average value of d.c. load voltage is then 


Bete. = 2 an betrecos (4030/3) | (1.2.9) 


a 


The analysis of voltage and current relations 
developed above which are applicable to rectifier 
systems, are based on a number of simplifying assumptions, 
such as perfectly resistive loads and ideal supplies -- 
that is, no inductance exists in either the load or the 


a.c. supply circuit, which inhibits the phase currents 
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from instantaneously changing from zero to full value. 
This implies that there is instantaneous phase com- 


Mutation. 


Any reactance in the a.c. supply will cause 
current overlapping at the time of phase commutation. 
UmdciEidealecondterons, all of the current passing 
tiLouech ene rectifier 1S terminated and full current 
flow through the next CONdUerInCereCEI Fier 1S initiated 
at the ecane of phase commutation without delay 
(figure lla). Inductance in the supply to the rectifier 
MOrlecalices tiie CUrrent Im the first phase to decay 
erponcntlaliy, and the current in the next succeeding 
PaasesroOnbise exponentially, Thus the succeeding phase 
commutation is not completed until after a finite 
Ivenual-wune anole of overlap 1S often designated iu 
(shown in figure 1lb). The more the inductance in the 
supply circuit, then obviously the greater the amount 
CediSkoruLom im the current shape. Since the two 
Pectterercmare Couducling Simultaneously, the voltage 
waveform is also distorted (figure llc). Since the 


load voltage is equal to the mean of the two conducting 








Three Phase Half Wave Rectifier 
Figure Il 
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Bicceswmcne Overall effect is to reduce the load 
voltage as shown. The form of the mean output voltage 


is then reduced to 


_ 2 
Ny ote ee cos. (u/2) Glee al) 


The sum of the overlapping phase currents is constant 
during the commutating period, and is equal to the 

Wead current (if, under conditions of infinite load 
fadceance, the load Current is constant). Thus the 
overall eee CPt PUemcIneiTtL Teactance 1S to 
increase the current-conducting period of each phase, 
without altering the maximum value of the load currents 
Gmeavetace Value of Ehe phase currents, but reducing 
thesmean OULpUL voltage. The input RMS current is also 


reduced, 


iivenemditedes-are seplaced by SCR's, the 
We Mea CsCdHeCr Toners not only proportional to the current 


ToVveGlapmiy DUcsalso to the firing angle ©. 


Eaoe.! = Bae. cos @ + co8 (On) Cle2Ze ll) 


imc Omscoumsesmueatices to equation (1.2.2) when the 


overlap interval yw = 0. The same current relations hold 


oy 





mimenisecace as in the diode case. 


Pominverter Operation 


In section 1.2, it was shown that there exists 
aecritical angle O13 beyond which there is discontinuous 
conduction for noninductive loads. With inductive loads, 
however, the flow of current can be maintained in the 
load circuit, and thus in the individual phases of the 
rectifier network during the interval between voltage 
zero-crossovers, and the new commutation angle @. During 
bieseminuenvars os the rectitier is supplying energy back 
omenowa.C. Supply Girectly from the load; in other 
words, it is acting as an inverter. It is evident that 
the rectifier can only operate in this mode if thyristors 


are used -- diodes will not suffice. 


When defining inversion, the firing angle @ 
Pomccictal ly Net tnesaciining angle, but in its place is 
the extinction angle 8, which is equal to xn - a. The 


mean output voltage during inversion is then 


2 a ee (ese) 


at 
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There is a finite value of B beyond which inversion 
eaingesearceeplace. | Lhesinterval (8 - (1) is the angle 
between the completion of the phase commutation (@ + yp) 
and the point where the phase voltages are equal (Q@ = up). 
This angle must always be greater than zero -- in other 
words, the extinction angle B must be large enough to 

Se cecaetncwover lap angle at all load currents. If 
CurrTemt overlap is included in the determination of the 


mean load voltage, then 


Eaec.! = Bac. cos (x - Hoes t = ae 
Givin 2) 
by substituting @ = (x - B). That the above then 
produces a negative voltage is shown by aa 
E -E cos B + cos + (ins .3)) 


ac. = aac. 9 


Inversion thus always drags lagging reactiye power from 
the load. 


1.4 Cycloconverter Application 


Peer tmiimcenomiintroduction, the cycloconverter 
consists of two basic groups of rectifiers, often called 
the positive and negative groups. Each group consists of 


Hijet EOmsecOUNnccCEed in this case so as to provide a full 
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wave circuit. The current to the load from each 
respective group can flow only in one direction. 
Therefore, since the a.c. output has an average value 

of zero, the two groups are connected back-to-back in 
Pieeecteclitemmoimply alternating the firing of the two 
groups would result in an a.c. output of sorts. Rissik 
designated this type of operation “envelope cyclo- 
conversion"; it is merely a controlled rectifier in 
worehethe rechitied current is alternated between 
positive and negative (ales = because of the natura | 
commutation, non-resistive loads are not permissable, 
since there can be no power regeneration back across the 
Peccile ee Wie order to Obtain this power regeneration as 
well as voltage control, the firing angle must be phase 
fait roulcd se this phase controlled eycloconverteér can 
thus supply inductive loads by operating the rectifier 
PEOUlpmim cncmmnverter mode. “Since, at any instant, both 
rectifying groups and inversion groups are available to 
conduct the load current, loads of virtually any power 


PaeeOocemayepe controlled by the cycloconverter. 


fi eeMeMIMphE CIECULE Is polyphase, the output 
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becomes smoother, having lower harmonic content. In 
the case of a three phase full wave cycloconverter, the 
bowest harmonic frequency is six times the input 
Prequency. The higher the frequency of the lowest 
harmonic, then the Peeaemie vealieabie br ee mralehal 
bene meedca. | it the load is an a.c. synchronous 
MOEOmwEnect Ene Untitttered output is sufficient to 
Spctare tie machine, for the higher harmonics have no 


eto leme  LeGreronespeed CONErOl. 


It was demonstrated previously that the output 


Sieune EFeCkifier group is Eaec.! = Fac. cos @ in the 


BeceiIg1Ter mode -of operation, and Eg ak = “EY 2 Ses B 


in the inversion mode. Thus the average output voltage 


may be varied between Ea 2 and -E, ae To achieve 4 


Sinusoidal variation in the output voltage, the firing 
angles @ and B must be varied smoothly and sinusoidally 
at the desired output frequency w+ 0 ee eon 
aSBS 2x and a,Bp = fw, t). HicwouupuETOoL Lhe cyclo- 
@envecter is mol a2 function of the low frequency 
Bereneneewancucanebe Leprescnuted by a Fourier Series. 


CP 


= 2 
V cay Eaec. a, cos n wt Clea 1) 
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To be valid, the output waveform must be analyzed over 
Eeeuperrod on the low frequency waveform, as opposed 
to Che input waveform. The ideal situation occurs 
when both the input signal and the low frequency 
Petwerereces)enal arewsanusoidal at the point in the 
CHrecule where the firing angle is determined. In this 
case, the oytput voltage equals 


V = Eo. cos wt Clon ) 


ihesamplitude "or the fundamental component of frequency, 
Wy > is ere VimlicCwonehewarscenoulieher frequency 
barmontes si netne ideal) case. In the actual cyclocon- 
TemmCctEGuiiennievetonped Tor this report; the low 
iPmaedulenewmrse feLence cionallis sinusoidal, but the input 
waveform has been transformed into a ramp function, which 


can be normalized as 


fw) = 2 o E Cis 43) 


The output voltage then must be 


V= E sin ( kx cos wt ) Gin 4) 


“alae! 5) ie 


In determining the Fourier content of this output waveform, 


ss Gia) 2 
ar co) 4 a = » n odd Glatt.) 
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where J is the Bessel function of the first ‘aa Thus 


n 
Vee 2 ga J, ( cos wt lp Coceo wt 
of 
Ue cos 5 wt res) RAS a) 
of 


In the case where the maximum variations of the low 
frequency sinusoidal function is equal to the range 
of the ramp function (k = 1), 


Ves ec Ea 2 Geos wt swOcstZt cos 3 wt 


+ 0.004 cos 5 wt ee) Clic.) 


There are, of course, harmonics due to the input ripple, 
but as expressed earlier, the lowest ripple frequency 
for a three phase full wave cycloconverter is 6 Wo ie 
wo = OO Glo 4 ale: oe Ont weeenenein tne lO Hz. output 
waveform, the lowest harmonic of ripple frequency is 


Dovmizenewhichecan easily be filtered if necessary. 


Each half wave of the low frequency output, then, 
consists of different portions of both half waves (full 
wave operation) of the supply voltage. The overall effect 
is the assimilation of the low frequency aie, The firing 


angle is at a maximum at the beginning and at the. end of 
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each half cycle of the output. At x, the firing angle 
is at a minimum. To produce the maximum value of output 
Voltage, the firing angle must be equal to zero. The 
output voltage can then be subsequently reduced by 
limiting the minimum value of the firing angle a. To 
Produce a zero output, the firing angle @ is kept 
constant at @ = x(l - ae where n is the number of 
phases. In the actual cycloconverter, Q@ cannot equal 

O, for in the inverter mode of operation, B (and con- 
sequently @, for symmetric operation) must exceed the 


delay angle u. 


lepearitemecvc loconverter configurations, rE aba aL ae 
pulses were given to both the positive and negative 
BLOups Simultaneously. The result was intergroup 
Se tiaeteeclibeiiswe FleSe Circulating currents were 
SOmEcolled by placing reactance in the intergroup circuit 
connections. A better solution was "blanking," or 
selectively firing ome group of thyristors at a time, by 
detection of the polarity of the load current. The best 
solution of this problem is to selectively control the 


firing of each individual thyristor, for at any given 
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MisStanee Olly one thyristor in each output phase will 
Hewcendierine., Lhnus digital logic is used to examine 
the state of the device and to select which thyristors 


are to receive the firing pulses. 


There are three states which must be examined 
in order to determine the sequence of SCR firing. A 
simple full wave single phase to single phase cyclo- 
converter eerie VomshOWMmimlwaiteune 12. [he decision 
of which SCR to fire is based on the polarity of the 
low frequency reference voltage, on the polarity of 
the load current, and on the polarity of the sinusoidal 
supply voltage. These logical states are designated 
LV, LI, and SV respectively. The polarity of a wave 
mmeomotacred ere only to have two states: positive 
and negative. The zero~-crossing is approximated to be 


instantaneous and is not given a state value. 


DeEawtiebaple wlante 1) then cam be formulated 
7 
Lim cermseor the state variables. Peloetcal 1iin the 
truth table corresponds to positive polarity of the 


state variable. A logical 1 in the output implies that 
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a firing pulse is to be applied to the indicated SCR -- 
it says nothing yet about the nature of this firing 
pulse. Karnaugh Tare. are then derived for each output 
function, in order to get minimal logical expressions 
(Table 2). Unfortunately, the Karnaugh maps demonstrated 
that the expressions for each of the logical functions 
could not be minimized beyond the canonic forms (Standard 
DUMBO tee Godlctsi, — lhe resultine switchings functions for 


each output are 


J. = LV°LI-SV + LV‘LI- SV (1.4. 8a) 
i weiesy es By -Uiesy (1.4. 8b) 
Ill = LV-LI-SV + LV-LI-SV (1.4.8c) 
ive Vehivay + LV-bE-Sv (1.4.8d) 


When LV = LI, the cycloconverter is operating 
Peel Ecce litcamron mode, and power is being delivered 
to the load. When LV # LI, the cycloconverter is 
operating in the inversion mode, and power is being 
regenerated back to the source supply. Now positive 
blanking is achieved, and intergroup currents are 
peevemecceme hne Lunctions are in terms of minimal sum 


of products expressions and can be easily realized using 
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Comvecittonal Logic circuitry. 


Meswismotatcd caritver that the a.c, input 
supply voltage was converted to a ramp function having 
EWeesame period as the supply voltage, In actuality, 
two ramps are generated; one ramp has a period from -x 
Een. while the second ramp has a period from 0 to 2x. 
The low frequency reference signal is then superimposed 
SiepOLM rape to determine the firing angle for the 
thyristors. As the low frequency signal increases 
ProOmezero, CNe firing anele © decreases from m= towards 
zero on the ramp having the period from 0 (or 2x) on 
Piewoenereramp. Liethe Low frequency signal in turn is 
mverted and Superimposed upom the ramps, the firing 
angle @ will be increasing from x and 0 respectively. 
Thus, there are four simultaneous variations of the 
firing angle depending upon which circuit is selected: 
for the low frequency sine wave increasing from zero, 
these are the firing angle @ decreasing from xn (rx¥ ), 
deeredsumeutrom 0 (Ot 8 )>, increasing from mn (1 + ), and 
increasing from 0 (0 # ). The truth table can now be 


amendedsac im table 3. Im the next chapter, it will be 
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Modified Truth Table 


Tanre.: > 


3S) 





shown that these conditions can be combined with the 
iseical expressions developed earlier to senerate th 
=he 


DEGpel fibingeangle for each thyristor 
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imoeetoree Phase Low Prequency Generation 


itimmostecve Loconverter applications, any 
variable frequency three phase reference voltage is 
rei heme mror OLOpel Operation of the device. If 
Bice piasewcve lOCONVEeRuCts operation 1S desired, then 
Ene voniy requiremence upon the variable frequency 
oscillator is that it be three phase with constant phase 
relationship .tthroughout the frequency range of the 
esctliater. A very easy way to do this is by using two 
multipliers and two integrators. This produces a two 
phase oscillator, whose phases are always ninety 
degrees apart. From these, three phasors, 120 degrees 
Mooseelaepiasesecaneve produced, yielding a three phase 


voltage controlled sine wave generator. 


innorder tLoudrivesassynehronous motor mounted 
nec Omi umtopellGmwesiati, 1 1s desirable to feed 
back Che information regarding not only the shaft speed, 
Die rcOmeNe  Gelaktve  positulon @f Lhe rotor with respect to 
Biemugqeacine ti llseewave produced by the current in the 


MintclGe wn LnemuCnatieumiodtcea by the motor onto the 
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Siateadoee Kincrron of Ehe air gap flux a> PilewiEOtor 
mmf F and the torque angle Y,. representing the lag of 
the rotor mmf wave with respect to the air gap flux 

3) . 
wave. One expression for the torque in a synchronous 


machine is 


aL Gales) ® F sin y Cle 5a) 
5 9 a r r 


The rotor mmf P. is determined by the exciter current in 


the field, and 1s constant under normal operation. 


F = 4 k N it Cle 5. 2) 
r a ee 36 r 
age —-— 
P 
k.. = winding factor 
N.. [Me NUMoCim On —euriIns On Ene LOtor 
p = number of poles in the machine 


The air gap flux e. is a function of many constants and 


EHeMinNSeanmtcancous value of the armature current. 


Te —meor ko N. “d lq I Ge 5 7s) 
a om omes O a 
a ar 
Pp 

Ke =ssGdtor winding Lactor 
N. = Hunber sor EUurMS In Ehe stator 
d, 1, g = dimensions of the machine 
Lo SweDetiledbylibysof Che trom circuit 


LI. is the fundamental a.c. armature current being supplied 
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Dweneoweyeloconverter.. Uhus the torque available to the 
foaascan be yarred by varying the armature current 
pucduccauby tie cycloconverter, if the corde angle is 
held constant. Maximum torque for the machine at rated 
current occurs when the torque angle ee = t/2. Therefore, 
meet Is desired to maintain ie at approximately xn/2, then 
the rotor position (which implies the spatial position 

of the rotor mmf) must be sensed, such that the reference 
vwoLEage OL any phase caimleadeeneanotor flux by the 


required amount to produce maximum torque. 


icmp wayecOniIndicate tne shaft position is 
DOMmmounme sds oclSynecenerator, or other appropriate electro- 
mechanical transducer, directly on the shaft. The Selsyn 
generator has a single phase winding on the rotor connected 
to an a.c. voltage source. The stator has three windings 
with axes 120 degrees apart and connected in wye. When 
Piescancle =phnase rotor winding 1s excited, voltages are 
induced by transformer action in the stator windings. The 
resultant waveform is the impressed a.c. frequency 


modulated by the mechanical frequency of the shaft. In 


addition, the absolute position of the shaft with respect 
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to any winding is indicated by the amplitude of the 
Corrler svenaleon the winding at that instant. The 
signal from each of the three stator windings must be 
demodulated, as well as phase detected. This can be 
done by a two diode shunt demodulator as shown in the 
Hex chapter.» The resultan® low frequency sine waves 
meow 20 edesreces ouc of phase with each other, and have 
a direct correspondence to actual shaft position. Thus 
the maximum torque Se leonGim@meceCOlcrollcd. Lhen to 
Mmeteaccuchanrt cpeea, only the amplitude of the current 
Pizoucshi the cye loconverter must be increased, as 
explained above. The phase relationship can be reversed 
Pom overwoe LNcemoton, thus providing the required full 


hance Of Operation. 
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Chapeer 12 


Design Applications and Circuits 


vee Gycloconverter Section 


The cycloconverter consists basically of two 
ior unitc, cacmmot whitch will be considered separately. 
The thyristor section can also be designated the power 
section, for it consists mainly of the power thyristors 
themselves plus the load and protective circuitry. The 
other major unit is the triggering network. This low 
Pevemslevel=ececkionsecnerates the firing signals that are 


applied Go the gate gf each thyristor. 


2.1.1 Triggering Network 


ijerewareomenGsee baste 1iputs required by the 
ieberorane WeLrwouk. | Uhese are the input supply voltage, 
the low frequency reference voltage and the load current 
signal. The output of the triggering network is a 
Pirine stemal to Gach SCR, properly phase controlled and 


Ciscsiitterene powerstbo fire the SCR reliably. The 


ae 





triggering network discussed below is then the heart 
femebeweyclOcOnVerter, and critical to its operation. 
The particular network discussed is only for one phase 
input to one phase output operation. To produce three 
phase input to three phase output operation, nine 
identical modules can be used, each connected to a 
Sreererente combination of input and output phases. The 
Poreperingemetwork can be divided into four sections: 
EhewaadmonPeneratenrs, Che summing circuit, the digital 


I@icwanGuene ELieeer Circuits. 


The ramp generator section is shown in figure 13. 
The transformer steps the supply aoe down to an == 
acceptable level so as not to exceed the differential 
input voltage of the operational amplifier. The 
operational amplifier, having a very high eae impedance, 
eediimes tepmore Chan a potential transformer to provide 
tiewrcreCrence Voltage. Thevoperational amplifier acts as 
a comparator or sign detector. The waveform at point a 
is then a square wave varying between +12 and -12 d.c. 


volts, having the same frequency as the input supply. 


The waveform then goes into two circuits at this point. 
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One circuit consists of a pulse generator (an RC 
differentiator) which drives a linear sweep circuit 
having a period of 2x (initiated by a positive pulse, and 
resetting at each succeeding positive pulse). The linear 
ELSE is caused by a constant Beer ait charging the 100 pf 
capacitor. The waveform at point a also is inputted into 
Piembasesok a LEransistor inverter. Thus, at point b, 

the waveform is the inverse of that at point a, or delayed 
by wt = x. This inverted waveform goes through an 
identical pulse generator and linear sweep circuit, 
producing a ramp, R2, which is 180 degrees out of phase 


with the first ramp, Rl. The waveforms are shown in 


hietee 4 tor the labelled points in the circuit. 


ENewsSeecondstinit in the tCrigserine circuit is 
the summing circuit. In this section the low frequency 
reference signal is added to the ramp functions generated 
in the previous section. The ramp generators require a 
high impedance load, provided by the 100 K impedance 
levels of the adder circuit. The operational amplifiers 
are again used as comparators, with the comparison levels 


being adjustable voltages in order to set the initial 
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firing point, when the low frequency voltage is 
qdeehereized, at a point on the ramp corresponding to 

tie exact middie of the period. The tow frequency 
voltage then moves the firing point up and down the ramp -- 
the range being adjusted by adjusting the output voltage 
Cmte wlovwerLedUcChcyscenerator. Figure 15 is a circuit 
diagram of the adder section. The operational amplifier 
labeled I is an inverter having a gain of -1. It is 
used to invert the low frequency function, in order to 
Jeera elemnanpeiaEne opposite direction. The output 
waveforms, corresponding to V, = x/4, are shown in 


L 
irene 16. 


item eneeteseeceronuel Ele firing Circull is the 
G@agital togic section. this section is subdivided into 
EwomnUceEner sections. The first subsection, shown in 
figure 1/, realizes the truth table given in Table 1 of 
Chapter 1. DTL (Diode-Transistor~logic) components are 
used to facilitate the interface with the rest of the 
analog circuitry, and additionally to drive the required 
MuMbeucCkeeatess( RTL Nas difficulty driving more than 3 


gates without the use of a power gate). The transistor 
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Summing Circuit 


Figure [5 
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Waveforms of Summing Circuit 
Figure |I6 
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Se aili Detectors 


Figure |l7a 
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Circuits change the voltage levels of the operational 
amplifiers from +12 and -12 volts to +5 and O volts 


Bequired by the digital logic. 


The second subsection, shown in figure 18, has 
two functions. It employs monostable multivibrators (or 
pulse generators) which are triggered on the rising edge 
of the pulses generated in the summing circuit. The output 
of these pulse generators are 1 millisecond pulses, which 
are then. 'anded" with the outputs of the first subsection 
Poured! 2c finaliyethe Lable 3 ef Chapter 1. The result 
is that firing pulses are available to be applied to 


Bile seates- of the SCR's. 


Hicws Chwcmaseecounceted amti-parallel, but the 
trigger must always be applied from the gate to the 
cathode. Therefore, the actual firing circuits must be 
isolated from the individual thyristors. The pulse trans- 
formers provide the required isolation, and in conjunction 
with the accompanying transistor circuit (figure 19), 
provide the level of gating current to insure reliable 


operation of the SCR's. 
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Trigger Circuit 


Figure 19 
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2.1.2 Thyristor Network 


The thyristors are connected as shown 
Sarina iverierteure I hull rated fuses are imserted 
in each of the PIpUMivaheacesctpply networks. The motor 
Pmealowmplaccdsaiitecely sin Ghe ouLput of the cyclocon- 
feebcr ws Enevonly addvijonal circuitry is the insertion 
PeepNacewcUrLenumdetectors (figure 20). Shunts are 
UceaeeompLovidesnhe ecurrent polarity reference signal 
to an operational amplifier with sufficient hysteresis 
in the feedback to eliminate spurious noise and high 
frequency harmonics about the zero cross-over. These 
current shunts are placed in the low voltage side of 
Bie Cems Ana CanebewiMEeCEnaced direcely with the 
Pergeereciteurtry. | he shunt must be rated so as to 
Peoyiae ta more Ghan 5 yolis voltage drop for the 
ia oiiuimetereianGtdegigeor the mMocor, 1m order not to 
EMcCedmencudlirctentral Japuk volLage limitation of the 


Spevaciona ll amplitiver. 


Mowe olivc Gen entecespuase, OU Nertz power £0 


Bceempudace wi VatiablemrLequency power Lequires a minimum 
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Co Omun Giceorc (5) cllrclits identical to figure 1). The 
capability of each SCR is based upon the peak voltage 
which it must block in either direction, as well as the 
PiemcuLrentutiumuct eouduct under complete conduction 
conditions. The system proposed in reference 1 requires 
each phase to conduct 615 amperes maximum, and block 
3850 peak volts. To provide for reliable operation, 
SCR's that are currently available which are able to 
PinmbesGiva anoint Of current must be operated in series 
of at least three to reduce the voltage blocking 
requirements. When operated in series, additional 
voltage equalizing networks must be employed to prevent 
overloading any one SCR. These SCR assemblies will 

have to be water cooled with at least one gpm. for each 
set of three SCR's to dissipate the thermal energy 
produced at the junction. No external cooling is needed 
for the control circuitry, however. If voltage regulated 
power supplies are constructed for providing the 
necessary +12, -12 and +5 d.c. voltage levels needed in 
the control unit, the power requirement is so small that 
individual power transistors in the power supplies can 
be cooled convectively simply by attaching small heat 


Sinks. 
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2.2 Low Frequency Reference Generation 


It was stated in Chapter 1 that a demodulation 
Circuit 1S required to generate the variable frequency 
reference voltage supplied to one triggering network. 
Not only are variable frequency, constant phase separated, 
three phase reference voltages required, but also the 
signal must be directly phase associated with the 
position of the rotor in the synchronous motor in order 


POuecpeamize the torgue angle. 


A three winding Selsyn generator is directly 
coupled to the shaft of the synchronous motor. The rotor 
Samene osolsoyn Penerator receives a high frequency voltage 
available from the high frequency side of the cyclocon- 
verter through slip rings. The three stator windings 
are connected to three transformers with the secondary 
center-tapped. A demodulator (see figure 21) is used to 
provide the required reference frequency, dependent upon 
the speed of rotation as well as the actual phase position 
of the rotor. The demodulator is the two diode shunt 


2 
demodulator and acts as a phase detector as well as a 
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demodulator. ViecwvOlearecsolt of Lhe Selsym Sénerator is 
described as 


= pa 
V Ve cos wt cos wt ( 1) 


The reference voltage is added and substracted to this 
signal 


Ye Vv COS Gee C2272) 
ve rm S 


inepaddiiiconeongeume reference voltage produces 


vy = He cos wt -|- Noe aes 3) 


mt 
While the subtraction of the reference voltage 
simultaneously produces 


= + f 
Vo wa eos a -{- ae 


qt 


(ZG) 


DiesGUCHUGeOr cachecdemodulator circuit then becomes 


Vy - V5 = Vy = 2 Vu cos wt (232259 


zt 





and separated in phase from each other by 120 degrees. 
wenewMennenhe pLopellonecshaLe is at déad stop, there is 
a phase voltage on each phase indicating the angular 


EOC Von OL eEle "Start. 


The signal from the demodulator must be filtered 


Heeseni  Cimolwehededitrerential amplifier in order to 


* 


TS 





transform the balanced waveform into a voltage about the 
eireuit ground. A single feedback, high pass Butterworth 
active RC filter is used to smooth the waveform to the 
kevele Gequiredqmby Ene trigcerine Circuit. The output 

of this filter is then sent directly to the summing 
section of the triggering network, as described 
previously., The Butterworth filter was designed for a 


maximally flat response with a 40 db/decade rolloff. 
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Chapter Tit 


Analysis of Performance 


itmotder to, test the cyceloconverter circuit 
under various load conditions with a wide range of load 
power fLactougumeevenal devices were ittserted into the 
eyc JOcOnVetpeim load crecule. A wikteé-wound résistance of 
108 ohms was inserted first as the load. The frequency 
was controlled by a separate function generator. The 
frequency range was varied over a complete range from 
O hertz to 30 hertz (the supply frequency to the cyclo- 
converter in all cases is 60 hertz). The voltage across 
the load was displayed on an oscilloscope. Figure 22 is 
a photograph of the load voltage waveform, clearly showing 
the sinusoidal variation in firing angle. All of the 
oscilloscope settings for each photograph are given in 
Appendix B. There was only a slight inductance in the 
circuit, cased by the inductance of the wire-wound load 
resistor. The current waveform was then essentially 
identical to that of the voltage, and in phase with the 
voltage. | WUEIGesistivesloadd there is no inversion 


modesin the cyelocenvemteusedud only the thyristors 
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Resistive Load Voltage 


Figure 22 





Firing Pulses 


Figure 23 





labled I and II in figure 12 will receive firing 
pulses, during the positive half cycle of the low 
GPeodueney  VvOlcace a ywnitle only thyristors Tl and IV will 
receive firing pulses during the negative half cycle. 
This is shown in figure 23. The top trace on the 
Goetiloacopesloueneutinineg pulse train to thyristor 1, 
the second trace Pema kireepulse Erain to thyristor 


iMieeand so fore&éh. 


Inductance was then added into the load circuit, 
and the resistance was reduced to 25 ohms. The total 
inpedameesor sticy load=then became Z = 27.2 +- 324.5 ohms, 
at a frequency of 6 hertz. This inductance was sufficient 
to smooth the current waveform, in order that it could 
be graphically displayed in figure 24. The smoothed 
waveform is the current waveform, which is shown to lag 
the voltage waveform by approximately 42 degrees, which 


| 
agrees with the calculated lag. 


The first motor employed in the load circuit 


was a one quarter horsepower, permanent-split-capacitor 


synchronous motor (single phase). The motor was loaded 
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Continuous Waveform is 


Load Current 


Voltage and Current in Inductive Load 


Figure 24 





Only Dy wits OWwleshabeerkietion. [he starting 
characteristics of the motor were poor when low 
frequency ees than 10 hertz) power was applied to the 
Stators, because the permanent capacitance in the split 
phase circuit was a tradeoff BeEWeen Selene startin? 
at 60 hz. and smooth continuous operation at rated speed. 
Ine mMOlCOrwnNaewe ren TeUleye in Peneracineg Sufficient torque 
to operate at a frequency below approximately 5 hertz. 
Again the frequency was controlled by a variable 
PecoMenc ss unGeronmtenerator. The shaft speed was 
feacitcisby saQumcbObordc, trigssered by Ehe frequency 
generator. The motor was then observed to operate in 
BGC@ice Syichironism wath the rererence low frequency 
voltage from the function generator. The voltage wave- 
forms for the machine operating at 180 RPM ( 6 hz. ) and 
450 RPM ( 15 hz. ) are shown in figures 25a and b 


Respective ky. 


Finally a single-phase, shaded pole one quarter 
horsepower synchronous motor was connected to the single 
Hiase Cyc locon cue emcmpresccribeda low Lrrequency 


OUEDUE OF TENS wmInetvonecenerator, the motor came up to 
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speed as an induction motor and snapped into synchronism. 
At this time, mechanical shaft load would be applied to 
the shaft manually, and the motor would remain synchronous 
iim mEGrauc dickouwoulderncreasce. Ihe frequency 
generator system was then connected to the synchronous 
Mier il Oraer Lo Lest tie proposed control system. The 
Selsyn @enerator was connected to the shaft of the 
synchronous motor by a flexible shaft coupling in order 

to insure that the Selsyn generator would be driven at 

the same speed as the synchronous motor. The position 
Pretnewoclsym with weespect to the spatial position of 

the rotor of the synchronous motor was adjusted so that 
the output of the frequency generator was in phase with 
Ene slow -requency volltace applied to the motor. The motor 
would not self start, because of the inherent limitations 
Gite Sine ley phase motor. thas problem will not be 
encountered with a full scale system employing synchronous 


motors with three phase stator windings. 


Synchronous motors can operate very well on an 


extremely rough waveform. It is generally accepted that 


the waveform of a cycloconverter operating above 
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Home cmMabem one Ehird or the input frequency is 
PeeAbie. It was demonstrated, however, that a 
synchronous maces Commo uleds Dy say iul) wave cyclocon- 
verter could be operated at the predicted synchronous 
epeed up to even one half of the input frequency. Even 
though the voltage waveform was quite rough, the 
fundamental frequency dominated sufficiently to drive 


the rotor in synchronism. 


87 





Chapter IV 


Conclusions 


Vie wecsultismotwthe operational tests described 
MieeneepbevVl@usS Chaprer that were applied to the single 
Dnase toesingle phase cycloconverter indicate that the 
cycloconverter circuit designed above is a highly 
flexible synchronous motor controller. The cyclocon- 
verter control system (figure 26) has several distinct 


advantages over other motor control systems. 


Picct, tie michime can not be pulled out of 
synchronism by torque surges. Under normal synchronous 
motor drive systems, momentary surges of load torque 
beyond the value of pull-out torque will cause the rotor 
COppuUMiPolEgnr elLep with the Totaling flux wave in the 
stator. This loss of synchronism is not possible in the 
proposed propulsion system, because its speed control (or 
frequency control, since the speed of a synchronous 
MoECuelsvGckctminecdspy the rrequency of the armature 
voltage) is directly coupled to the propulsion shaft. 
TimencmEGboreuceitcebo Slip oul of Synchronism, the three 


phase frequency generator drive in turn slows and sends a 
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hnoreeErodtene, sFenerenceussonal to the eyclioconverter. 
tive cycloconverter then continuously lowers the 

ie-quehiey on Ulne=staton current, keeping its field in 
synchronism with the rotor. The motor could then be 
Petiiicd  tontne destLed operating speed by adjusting the 
Fipmleudcwecomureal On theweycloconverter. Increasing the 
Hiplrelde or tie wstabor current causes increased torque 
Bombe appl rcue by ethno motor to the shaft. The shaft 

(and the rotor) will accelerate, and the frequency 
aan, dabeaenedmeo tne Shatt, will accelerate as 
well. Thus, as the shaft speeds up, the frequency of 

the current applied to the stator simultaneously 
increases, and the rotor remains in synchronism with the 
flux wave on the stator. When the desired operating 
Speeidmic adel dincd, the amplitude control on the cyciocon- 
TeGeermecowicercascdmumedie the applied torque of the motor 


equals Che wGocque Lequirement of the load. 


It can then be seen that a second significant 
advantage of the cycloconverter drive system is that the 
synchronous motor accelerates to the desired operating 


speed synchronously, even when the shaft originally is at 
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a stop. In normal synchronous motor systems, the 
synchronous motors come up to speed asynchronously by 
acting as induction motors. This occurs when voltage of 
the desired operating frequency is applied to the stator. 
When the rotor reaches synchronous speed, the rotor pulls 
into synchronism with the armature flux wave. The shaft 
torque produced by the machine when accelerating to 
operating speed asynchronously is not a function of the 
load torque, but is determined by the parameters of the 
motor. The cycloconverter control system of operation 
icesceuOemieace enese problems. the rotor is always in 
synchronism with the stator field, as explained above. 
The only starting torque required by the motor is the 
Pome wneCeoscalys tO sOvercome the load torque, plus 
sufficient torque to accelerate the load at the desired 
Mies) oYNCNEONOUS starlLing of the motor is then quite 
smooth, and completely controllable at all times. Thus the 
deceleration cam bescoutLrolled exactly by controlling the 


amplitude of the armature current. 


The propulsion shaft, in addition, can be 


reversed by reversing the phase relationship of the 
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three phase reference frequency. The shaft then can be 
pocttively slowea by reversing the direction of torque 


MapiMcUmiiinOondohCmto waived scomerol led) deceleration. 


Uiewe vo NOComverterecontLLol SyStem is a 
POuctianribyeteruachive method ar control ling 
synchronous motor propulsion systems, exhibiting fast 
Pespolscuald poOsterve cOntLO.. iki order to incorporate 
the above control system into a naval propulsion system, 
a speed control system must be incorporated into the 
everall désien (fieure 27). This controller will 
compare the actual speed of the propulsion shaft to the 
decired speed mequestedsirom the bridge and sends a 
feedback signal to a motor driven potentiometer, which 
comerols thesamplitude of the output current from the 
eyeloconverecr.s Ine spotentiometer can increase the 
Olplbideson Ehewcunrent to accelerate the rotor if the 
Siatis is Operatime wander the desired speed, or it can 
eee ceuENCRCULLeNiEedmplitude if operating overspeed. 
The speed controller must also have a limiter, which 
[IMMiMEcmeNCetobesan Chance of the potentiometer. The 


hitter aerunetton of the mechanical response of the 
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turbines. It is not practical to have a control system 
which would place excessive demands on the prime mover 
supplying the power to the generator which feeds the 
eyolhoconvertch maine motor Mow cowld never be pulled out 
Cece peeelivtune Load torque continuously exceeds the 
pull-out torque of the motor, the rotor and stator 
Mildevilieslow eOseLher tardead Stop, yet maximum 
available Borde Trl oenlebe vapplied to the shaft by 


Phe emoton dt vdetrequency of 0 hertz. 


This total propulsion control system, 
incorporated into a system having the previously stated 
MiVdiedPessOnmecupereondiccors In the fields of the 
generator and the synchronous motor would thus yield a 
highly competitive propulsion system for large naval 
Peeee ss.” Tt not only can meet the design- specifications 
for weight and size for a given power rating, but in 
addition it gives the naval Benicar eddedmr lex T bility 
in ship design. The naval engineer is no longer hampered 
by the restraint of placing all of the key propulsion 
MimecsminGinectulincror the propeller shafts. Finally, 


the proposed cycloconverter system gives the added 
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advantages of fast response and positive control of 
the shaft position and speed under all load conditions. 
All of these reasons combine to make this system 


advantageous for future development. 
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Appendix A 


Derivations 


To determine the equations representing the voltage 
and current across the loads discussed in Chapter I, the 


following systematic steps are shown. 


“ 
_ i 
(duel 1) Paes = fa E (Wt) dwt) 
Oa 
= i; E sin wt dwt) 
1 . mn 
= [fe sin wt d(wt) + fo awe)! 
Tt Fo) s1¢ 
Tt 
ee _ 
oo [ -cos Wt] 
_ z : 
Tt 
we 9 ~, /2 
Le) 


{ 
E vole 
ct 


t 
mel. ‘ 
COS UG oS im. Wit ar) 
o 


2 
\j 
- sin aac" | 
Oo 


4, 


Po 
ro 





a ot 
Nf NR Nle hle 
SS ee 


No 
eee” 
p ry 

> 


re mitt wiht Ale wie 


96 





Olea) 


(1.1.5) 


(ei 6) 


Gis <7) 


E 


if 


E 


iL 


di2Ge 


RMS 


Gc. 


RMS 


[hi om 
4 [Hs 


E sin wt d(wt) 


7 
[ -cos Wt], 


28% 


| 


NO 


Bae wt ea 


| 


eo 


sin 2wt 


4 





~| 


—_— eo) er 
Ste Axle Ale 
—_~——~ 2? 
S 
Gi 


Nols 
ee” 
) ES | 


oct? sit wie 


ey 


| 


NO 
yo) 


E(wt) dwt) 


ae [7 


E sin wt d(wt) 


N 
=| 


a ar aw 
i O dwt) + f sin wt dwt) + fo d(wi) 
° 


A “wt 


7 


TU 
-cos wt 


NI pope hwy oo 
ie ee a 


[ 1 + cos @ ] 
| 


yi 
[ 2 (2 ae t aot), ; 
Dee Sin W 


V] 
wt _ sin 2oe!"| a 
Zz 4 a 


V3 
| d. (5-94 Sine 
2m Z 2 4 


sin 2a e 
2 





(x - a + 


97 





=) 


ieee) dd (Cae) 


ae toe 


tei LO 
( ) Ee 


qo 
+ 
Qa 


E sin wt d(wt) 


il 
R g 
Sle 








E w+ 
= eo (-cos Wt |. 
moee ts 
ao (cos Q + cos Q) 
ee AD 
= = cos @ 
a 
GZ.) Ede. = ic E (wt) dwt) 
x 
a s/t, 
= oe im: Sin wt d(wt) 
7 3E Su/o 
Abe ( eo lac 
a) Sesh 
Daa 
af +S] & 
C22) E ae Sinead 
Wt 
nc. 2m Beanies (OE) 
Se x us 
Oa l= eos Ce Q@) + cos (e+ a) ] 
= 2 ui 
On [ 2 cos G) cos Q ] 
Deer 
= 0 Cos 
Gie2.3 ) E = 3E f sin wt d 
e e . mle 
dec 2x alge Aly, (w ) 
ee Ht 
=e [ -cos x + cos (a ae) ] 
a [eli cos (a ee ] 


Sie: 





(1.2.6) E 


Gee 30) E 


(UD i 


[G22 10) 


d.c 


arf, 


E 
% Sin wt dwt) 
3E 





an /2, 
“COS WE TI3 
3E 1 1 
qt (5 - 2? 
on 
qt 
Ar anfs 
SE; 
a SSAC tee CleCGnt ) 
xC xe Ts 
#8 [ -cos (a + =D) ++ cos (a +2) ] 
3E zt 
— 2 cos = cos Qa 
sal ic 
3E 
EOS | CY 
qt 


{' sl 
| Sin wt d@wt) 
o 


yA RID 


[ -cos x + cos (a te) ] 


IS als slg 
Sle slot 3 (m& 


| 1 + cos (@+2) ] 


THiG4 w 


3E a 2n 
7 [ 5 (sin Wt + sin (wt “b 3) 


Sufy, Io 
ap sin wt d(wt) 
These Af 





ed rfl ] 
ak I 5Sin “Gor + =) +}- J sin Wt d(wt) 
Ly (wy | wig 
at. | leew 
= =cos (wt + —) SCOcea i 
zt 3 
Oe We ees 


99 





@e2. 11) aE 


aac 


Pegi lee 8 Ot x | 
al COS S + () cos “> + cos G + | 
S10, 1) ee ue ee aa J3 1m 
mal 7Sin 5 Sin | tS + cos 6 cos HB 
2 Sal Zz sin | 

in < ih 


3E | ae +¥3 Cie cos i): = eae 1 





Za ps Z 
3/3 FE Z (By 
23 Z. 
2b 
=e aa (5? 
Ty t A+ Aa 
3E 1 Aap . acl 
Da 7 sin wt + sin (wt + 3)) 
Dhec 
Sms 
=" S. sin vt | dwt) 
3K THe eta tae Tg ota 44 Snore 
2h sah ; qt 
ail mmeGOG Cr 4 | = cos Wit 
2 3 Kiera eee 
~] 1 i) at _ 
| COS SF +Q@+u) + 7cOS Ss + @) 


ae (7 +) +eos +a a) | 


sin (@+u) - Lacie Z sina 


BE 
a 


HL coe 
De | aay 


57 ee evel ae 
SeGic = BCOS ( -FoSin =. Sin -@ 


6 6 


+ 208% cos (2 + u) - sin 7 sin (Q@ + 0) | 


al Sin (@ +t) sind ae cos @ 
21 2 2 2 


in sin @ _%3 COcmC ial) e sin (a -|- | 
Zz 2 2 


100 





Cl) lite 
and 
then: 
O 
cos @ 


Sin € Zkn cos W 





= 3/3 E cos a+ cos Cre): 
Z 


21 
- & Gosuc cos (Os) 
di. Cx Va 
Vi = k cos wt 
opel 
“ ao me 


- t 
Zkn cos Wy 


LS ) 


OEE 





Appendix B 


Settings 


Oscilloscope settings for photographs of 


waveforms. 


Peels Figure 


nee Figure 


B. 3 Figure 


22 Voltage across a resistive load. 


Voltage 100 v/cm 
Time 20 ms/cm 
Frequency eo ede bz, 


Jee aneepuises co thyristors [£ = LV. 


Voltage 5 v/cm 
Time 50 ms/cm 
Frequency Poe neneZ 


24 Voltage and current in inductive load. 


Voltage 100 v/em 
Current Seay cit 
Time 10 ms/cm 
Frequency Gaiteri7 
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B. 4 Figure 25 Voltage across stator winding. 


Figure 25a. 
Voltage 100 v/cm 
Time 20 ms/cm 
Frequency : 6 hertz 
Figure 25b. 
Voltage 100 v/cm 
Time 20 ms/cm 
Frequency 15 hertz 
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